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SUMMARY 

Engine  cycle  selection  is  a complex  task  which  must  be  based  on  a thorough 
understanding  of  the  propulsion  system  influences  on  aircraft  size,  cost,  and 
performance.  The  evolution  of  variable  cycle  engines  will  increase  both  the 
complexity  of  the  selection  process  and  the  importance  of  propulsion  system/ 
airframe  interactions.  The  MCAIR  "Turbine  Engine  Variable  Cycle  Selection 
Program"  being  conducted  under  AFAPL  Contract  F33615-73-C-2070  is  specifically 
directed  toward  development  of  systematic  design  selection  procedures  and  the  j 

use  of  those  procedures  to  evaluate  advanced  engine  concepts  in  tactical  fighter  j 

aircraft.  This  report  presents  a summary  of  the  results  obtained  from  this  two- 
phase  program.  Reference  1 presents  a more  detailed  discussion  of  the  Phase  I 
results  and  Phase  II  is  reported  in  References  2 and  3. 

In  Phase  I,  a Fighter  Engine/Airframe  Evaluation  Procedure  was  developed. 

The  Evaluation  Procedure  permits  the  calculation  of  the  size,  mission,  and 
performance  characteristics  of  a systematically  selected  matrix  of  aircraft 
designs.  The  results  of  these  computations  are  used  to  define  mathematical 
equations  whicli  relate  aircraft  take-off  gross  weight,  mission  radii,  and 
performance  capabilities  with  engine  and  airframe  design  variables.  Finally, 
an  optimization  procedure  is  used,  in  conjunction  with  these  equations,  to 
determine  the  minimum  take-off  weight  aircraft  design  capable  of  achieving 
specified  mission  and  performance  requirements. 

The  Evaluation  Procedure  permits  consideration  of  eleven  design  variables 
and  up  to  seventeen  mission  radius  and  performance  requirements.  Tlie  results  permit 
clear  identification  and  evaluation  of  the  impact  of  propulsion  system/airframe 
interactions  on  system  characteristics.  Further,  the  effects  of  aircraft  mission 
and  performance  requirements  on  aircraft  size  and  operational  flexibility  can  be 
readily  determined. 

Fixed  cycle  engines  were  evaluated  in  Phase  I.  The  General  Electric 
Company  (GE)  provided  parametric  families  of  twin-spool,  fixed  cycle  turbojet 
and  mixed  flow  turbofan  engines  for  these  evaluations.  The  Evaluation  Procedure 
was  used  to  develop  parametric  aircraft  characteristics  correlation  equations 
for  both  types  of  engines.  In  the  Phase  I aircraft  sizing  and  performance 
analysis,  an  interdiction  mission  with  a supersonic  dash  requirement  at  2700 
Ib/ft^  dynamic  pressure  was  used  for  fuel  sizing.  As  a result,  all  the  aircraft 
represented  in  the  correlation  equations  were  constrained  to  be  compatible  with 
this  specialized,  demanding  operational  requirement.  This  constraint  limited 
the  flexibility  desired  for  evaluations  of  interactions  between  operational  and 
performance  requirements  and  engine/airf rame  design  characteristics.  The  vari- 
ables used  for  thrust  and  fuel  sizing  in  Phase  11  produced  aircraft  characteristics 
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Design  layouts  and  performance  analyses  were  used  in  P'nase  ’ to  verifv  f’'c 
technical  validity  of  aircraft  designs  selected  using  the  Fighter  Engine/Air : ram  ■ 
'•vaJutition  Procedure.  These  verifications  indicated  realistic  representations 
of  aircraft  size  and  weight  characteristics  and  sufficient  accuraev  in 
the  parametric  aircraft  characteristics  for  meaningful  trade-off  and  concent 
screening  tasks  in  the  advanced  aircraft  design  process. 

Variable  geometry  turbine  (VGT)  turbojets  were  evaluated  in  Phase  II.  Para- 
metric families  of  VGT  turbojet  designs  were  provided  by  Detroit  Diesel  Allison 
(DDA)  and  the  AFAPL.  The  DDA  engines  were  all  single  spool  designs  wtiich  used 
a very  advanced  compressor  concept.  The  engines  provided  bv  AF/M’l,  were  obtained 
using  a Pratt  &.  Wliitney  Aircraft  Co.  (P&WA)  parametric  turbojet  engine  computer 
program.  Reference  4.  These  engines  encompassed  both  single  and  twin  sp<'ol 
design  concepts. 

The  Phase  II  aircraft  characteristics  correlation  equations  produced 
significant  improvements  in  flexibility  for  requirements  interaction  evaluations 
compared  to  the  Phase  I data.  The  fuel  and  thrust  sizing  elements  of  a narametri 
strike  mission  were  used  as  variables  in  the  aircraft  sizing  and  performance 
analysis.  Consequently,  the  Phase  11  results  identify  imgino,  airframe  and 
aircraft  characteristics  interactions  for  extensive  ranges  of  mission  cruise, 
dash,  and  performance  requirements.  In  addition,  tlie  Phase  II  data  permitted 
evaluations  of  the  aircraft  systems  for  the  Phase  I requirements.  The  Phase  II 
results  also  provide  additional  capability  to  identify  important  engine  operating 
characteristics  affecting  design  selection. 

The  F.ngine/Airf rame  Eva’uatlon  Procedure  developed  during  this  program 
represents  a valuable  tool  for  the  advanced  aircraft  design  process.  It  has  been 
used  to  establish  a meaningful  data  base  for  selected  engine/air f rame  concepts. 
Further,  rapid  and  inexpensive  convergence  of  the  potential  design  matrix  has 
been  demonstrated,  thereby  permitting  concentration  of  engineering  development 
efforts  in  high  yield  areas.  Using  the  procedure,  it  has  been  determined  that 
variable  geometry  turbine  turbojet  engines,  with  appropriate  airflow  scheduling, 
produce  attractive  performance  for  both  subsonic  and  supersonic  operation.  Fur- 
ther, such  engines  reduce  aircraft  sensitivity  to  engine  design  variable  changes 
and,  thus,  these  results  indicate  greater  flexibility  for  multiple  mission 
applications  with  the  VGT  concepts. 


1 . INTRODUCTION 

The  use  of  variable  cycle  engine  concepts  will  increase  the  significance 
of  propulsion  system/airframe  interactions  and  the  complexity  of  the  engine 
cycle  selection.  In  future  aircraft  development  programs,  engine  and  airframe 
design  selections  must  be  based  on  clearly  defined  relationships  between  air- 
craft characteristics  and  engine  design  and  operating  parameters.  Consequently, 
a systematic  procedure  is  required  which  will  properly  account  for  propulsion 
system/airframe  interactions  in  the  determination  of  those  relationships. 

The  initial  development  of  an  engine  cycle  selection  procedure,  based  on 
integrated  propulsion  system/airf rame  characteristics,  was  accomplished  during 
the  AFAPL  sponsored  Exhaust  System  Interaction  Program  (ESIP) , Reference  5. 

The  ESIP  procedure  uses  an  optimization  technique  to  identify  the  engine  cycle 
and  airframe  design  which  would  produce  the  minimum  achievable  aircraft  take- 
off gross  weight  (TOGW)  and  accomplish  a specified  mission  radius  and  combat 
performance  requirement. 

Although  very  successful  in  achieving  its  objectives,  the  ESIP 
was  limited  in  scope.  For  example,  only  the  minimum  TOGW  aircraft  was  obtained 
and  its  performance  characteristics  defined.  Therefore,  no  data  were  ob- 
tained which  would  permit  systematic  evaluations  of  propulsion  system/airf rame 
interactions  or  allow  the  engine  companies  to  determine  component 
technology  development  needs  in  terms  of  aircraft  system  payoff  potential. 
Trade-offs  of  mission/per formance  requirements  versus  aircraft  TOGW,  or  cost, 
would  have  required  repeated  optimizations  and  would,  therefore,  have  been 
proh ib i t ivel V time  consuming  and  expensive. 

The  major  emphasis  of  the  first  phase  of  the  "Turbine  Engine  Variable 
Cycle  Selection  Program”  is  the  development  and  demonstration  of  an  engine 
evaluation  and  selection  procedure  for  advanced  fighter  aircraft.  Provisions 
for  evaluating  propulsion  system/airframe  interactions,  aircraft  raission/per form- 
ance requirements  trade-offs,  and  engine  technology  development  requirements 
by  the  engine  companies  are  prerequisites  of  the  procedure. 

The  following  sections  present  MCAIR's  approach  for  engine/airframe  evalua- 
tions and  a description  of  the  Fighter  Engine/ Air  frame  Evaluation  Procedure. 

The  results  obtained  from  evaluations  of  fixed  cycle  turbojets  and  turbofans 
are  summarized  in  Section 'I  . Section  5 presents  evaluation  results  for 
variable  geometry  turbine  turbojets.  Conclusions  are  presented  in  Section  6. 
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■’c'teiit'ia ' payoff  •a  ‘“i.  r advanced  engine  concepts  ":ert 
overall  syster.  characteristics  such  as  tak.e-cf f gross  weight  (TOGW' . li*"!' 
cycle  cost,  and  operational  flexibility.  These  characteristics  are  directlv 
related  to  the  aircraft  system  mission  and  performance  requirements.  Conse- 
''uently,  in  a systematic  procedure  for  the  evaluation  and  selection  of  engines, 

•ystem  payoff  potential  must  be  evaluated  as  a function  of  mission  and  perfor- 
•;ance  requirements.  Phase  I consisted  of  the  development  of  an  Engine/Alr '"rame 
Evaluation  Procedure  and  the  utilization  of  that  procedure  to  evaluate  advanced 
technology  fixed  cycle  engine  aircraft  systems.  Reference  1.  Phase  II 
encompassed  utilization  of  the  Procedure  to  evaluate  aircraft  using  variable 
geometry  turbine  turbojets.  References  2 and  3. 

A prerequisite  for  a viable  procedure  is  that  it  properly  accounts  for 
propulsion  system/airfram.e  interactions  in  the  determination  of  aircraft  size 
and  performance.  As  shown  in  Figure  1,  such  interactions  can  be  identified  in 
terms  of  throttle-dependent  and  size-dependent  force  increments.  The  throttle- 
dependent  interactions  are  represented  by  increments  in  inlet  and  nozzle/aft- 
end  drag.  These  drag  increments,  which  are  caused  by  variations  in  flow  charac- 
teristics or  geometry,  are  the  result  of  changes  in  engine  power  setting.  The 
lift  and  drag  of  the  aircraft  can  also  be  affected  by  the  relative  size  of  the 
propulsion  system  and  airframe.  Force  increments  resulting  from  changes  in 
relative  propulsion  system  size  are  defined  such  that  they  are  independent  of 
engine  throttle  setting.  | 

Aircraft  mission  and  performance  requirements  also  interact  with  the  pro-  ! 

pulsion  system  size  and  thrust  and  the  aircraft  design  as  shown  in  Figure  2. 

The  development  of  efficient  engine/airframe  designs  must  identify  and  properly 
account  for  such  interactions.  For  example,  in  fighter  aircraft,  the  engine  > 

size  is  usually  established  by  one  or  more  specific  excess  power  require- 

ments at  given  Mach  numbers,  altitudes  and  power  settings.  The  net  propulsive 
force  ),  and  therefore  the  engine  thrust  required  to  achieve  the  specified 

performance  (Pj,)i  is  a function  of  aircraft  weight  (W) , lift  to  drag  ratio  (L/D), 

and  flight  velocity  (V),  Figure  2.  Design  variables  affect  F,,„  and  T./D  and 

NP 

these  Interact  to  define  the  engine  size  required  to  achieve  a specified  perform- 
ance requirement.  Similarly,  aircraft  fuel  volume  requirements  are  related  to 
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PROPULSION  SYSTEM  - AIRFRAME  INTERACTIONS 
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FIGURE  2 

AIRCRAFT  - REQUIREMENTS  INTERACTIONS 
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" ^11 -nt  ii'n  (SFC'  by  I't'  .in 


T'ius,  VI  iblt's  also  affeot  t 'ic  rbysf.-,’  . ‘ • i,  , 

vi'qairod  to  achiovo  a spocifieci  mission  radius. 

The  MCAIP.  airframo  and  engine  dosiy,ns  consMorod  in  thi«  nroyr.im  iro 
conp.atiblo  with  1080-.S5  IOC  and  flight  .speeds  up  to  M.ach  2.5.  Figure  ^ ;! ’us- 
trates  the  important  technology-related  characteristics  of  the  aircr.i'l  .ind 
engines  considered. 
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PHASE  I AIRCRAFT  AND  ENGINE  TECHNOLOGY 

1985  90  M = 2 5 CAPABILITY 


MCAIR  and  AFAPI,  established  the  fighter  aircraft  role  and  mission  require- 
ments to  be  used  in  this  program.  To  insure  that  these  requirements  provided  a 
realistic  basis  for  such  evaluations,  tliey  were  reviewed  in  detail  with  the  I'SAF 
fighter  aircraft  user  commands  and  modified  as  required. 

In  Phase  I,  the  aircraft  size  and  performance  characteristics  were  defined 
using  an  Interdiction  Design  Mission,  Figure  4.  This  mission  is  characterized 
by  a 400  nm  radius,  which  Includes  a 50  nm  dash  at  Mach  1.9  at  20,000  ft. alti- 
tude. The  most  critical  performance  requirements  were  defined  at  Mach  l.b, 
35,000  ft. altitude,  and  Mach  0,9,  20,000  ft.  altitude.  These  requirements,  which 
combine  the  need  for  efficient  fuel  utilization  and  high  thrust  at  both  sub- 
sonic and  supersonic  flight  speeds,  represent  a demanding  compromise  in  df'sired 
engine  characteristics. 
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INTERDICTION  MISSION 
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FIGURE  4 

PHASE  I DESIGN  MISSION  AND  PERFORMANCE  REQUIREMENTS 

In  Phase  II,  the  thrust  and  fuel  sizing  elements  of  a strike  mission 
were  parametrically  varied  to  provide  increased  capabilities  for  aircraf t/require- 
ment  interaction  evaluations.  The  fuel  sizing  variables  included  cruise  radius 
and  supersonic  dash  radius,  Mach  number,  and  altitude  as  shown  in  Figure  5. 

Thrust  sizing  was  accomplished  by  variations  in  aircraft  take  off  thrust-to- 
weight  ratio  with  a specified  minimum  energy  maneuverability  requirement  at  the 
supersonic  dash  flight  condition.  Thus  the  Phase  II  aircraft  represented  in 
the  correlation  equations  were  not  all  required  to  be  compatible  with  operation 
at  the  higli  dynamic  pressure  Phase  I interdiction  mission  dash  condition. 

In  both  Phases,  aircraft  performance  was  computed  and  correlation  equa- 
tions were  developed  to  permit  evaluations  of  alternate  and  multi-mission  sys- 
tems. Three  aircraft  roles  were  used  to  provide  a measure  of  operational  flexi- 
bility. As  shown  in  Figure  b.  the  Interdiction  mission  was  one  of  six  included  in 
the  Tactical  Strike  role.  The  role  definitions  included  mission  profiles  and 
radii,  pi'rformance  requirements,  and  operational  limits.  For  example,  the  mission 
radii  requirements  included  in  the  Tactical  Strike  role  are; 
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PARAMETRIC  MISSION  VARIABLES  FOR  CADE  DATA  GENERATION 
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FIGURE  6 

PROGRAM  ROLES  AND  MISSIONS 


Tlio  'nii'ticai  Strike  role  performance  requirements  are  shown  in  Figure  7.  In 
[tie  Pliase  I evaluations,  it  was  determined  that  the  Interdiction  and  Lo-L.evel 
Keconna issance  missions  represented  the  most  demanding  requirements.  The 
remaining  missions,  which  had  no  influence  on  the  design  selections  or  inter- 
action evaluations,  were  excluded  in  Phase  II. 


ACCEL 


• SUSTAINED  g AT 

20.000  FT  AT  M = 0,9 4.5  g 

30.000  FT  AT  M = 0,9 3.0  g 

• INSTANTANEOUS  g AT 

30.000  FT  AT  M = 0.9 4 5g 

35.000  FT  AT  M = 1.6 6.5  g 

• SPECIFIC  EXCESS  POWER  AT 

20.000  FT  AT  M = 0 9 AT  1 g 600  F PS 

20,000  FT  AT  M = 1.9  AT  1 g 800  F PS 

20.000  FT  ATM  = 1.9  AT  3 g 600  F PS 

30.000  FT  AT  M = 0.9  AT  1 g 400  F PS 

35.000  FT  AT  M = 1.6  AT  1 g 700  F PS 

35.000  FT  AT  M =■  1.6  AT  3 g 100  FPS 


• TIME  TO  ACCELERATE 


FROM  M = 0.9  TO  M = 1.6  AT  35,000  FT.  , . 1 MIN 


FIGURE? 

TYPICAL  PERFORMANCE  REQUIREMENTS 
TACTICAL  STRIKE  ROLE 


orH-iOftr.it 


In  this  program,  the  engine  and  requirement  interaction  evaluations  conducted 
encompassed  inordinately  broad  matrices  of  mission  types,  payloads,  and  aircraft 
component  design  variables.  Further,  the  engine  design  concepts  evaluated  were 
defined  with  differing  techniques  and  design  duty  cycles,  thus,  precluded  com- 
parative evaluations  of  a specific  nature.  Consequently,  tlie  approach  selected 
was  directed  toward  demonstration  of  the  general  applicability  of  the  procedure, 
compatibility  throughout  the  industry,  and  development  of  an  initial  data  base 
for  tactical  aircraft  applications. 
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i.  KVALl'ATION  I’u.v..". 

Co^pa^i^>ons  of  aircraft  size,  cost  and  operational  cha  rac  t or  i ! cs  p--''- 
vlde  a valid  basis  for  online  and  airframe  design  selections  a’ul  t i ade-o*' t s . 
However,  sucb  comparisons  must  be  nvide  using  a svstematic  analysis  procedure 
''ocatise  of  (-('mplex  interactions.  That  procedure  must  accoun-  ‘or,  and  iden- 
tl‘'v,  the  relationships  between  engine  and  airframe  design  variables  and  air- 
’-aft  size,  mission,  and  perfonruince  characteristics. 

During  Phase  I,  MCAIR  developed  the  Fighter  Engine /Air f rame  Evaluatii'n 
Procedure  shown  schemat ical ly  in  Figure  8.  The  development  of  this  procedure 
was  directed  at  obtaining  a valid  basis  for  engine /a i r f rame  design  selection 
and  aircraft/requirement  trade-offs  for  future  fighter  aircra't  programs. 

The  procedure  requires  discrete  inputs  which  are  discussed  in  Section  1. 1 . 

The  procedure  computation  and  output  are  presented  in  Sections  3.2  and  <.3, 
respect ivelv. 


FIGURE  8 

ENGINE/AIRFRAME  EVALUATION  PROCEDURE 


10ST  tw 


3.1  Input 


>« 


Three  inputs  are  required  to  initiate  the  use  of  the  Evaluation  Procedure 
for  engine/airframe  design  selection.  In  an  aircraft  development  program,  the 
USAF  User  Command  makes  the  initial  input  by  defining  role  requirements.  This 
input  consists  of  the  desired  mission  and  performance  capabilities  and 
operational  limits.  Typically,  this  could  be  a Required  Operational  Capability 
(ROC)  document.  Such  a document  would  normally  identify  the  desired  aircraft 
IOC,  maximum  Miich  number,  and  other  key  factors  affecting  the  design.  Then, 
the  participating  engine  and  airframe  companies  must  identify  design  candidates 
which  are  compatible  with  the  ROC,  e.g.,  the  engine  and  airframe  component 
technology  used  must  be  consistent  with  the  desired  IOC.  These  selections  are 
judgements,  based  on  the  technical  expertise  of  the  companies  and  the  results 
of  previous  investigations  of  similar  systems.  The  engine  and  airframe  companies 
must  also  identify  the  engine  and  airframe  design  v.ariables  which  could  signi- 
ficantly affect  the  aircraft  characteristics  and  the  range  of  values  over  which 
each  variable  should  be  considered.  For  example,  important  airframe  design 
variables  could  include  wing  loading,  sweep,  and  aspect  ratio;  important  engine 
design  variables  could  include  fan  and  overall  cycle  pressure  ratio,  bypass 
ratio,  turbine  inlet  temperature,  and  engine  control  schedules  and  limits. 

Consequently,  three  types  of  design  inputs  are  required:  (1)  candidate 

engine  and  airframe  designs,  (2)  identification  of  the  important  design  vari- 
ables of  each  candidate,  and  (3)  the  values  over  which  the  important  variables 
should  be  evaluated  to  define  an  optimum  aircraft  system. 

The  impact  of  varying  mission  radius  and  performance  requirements  on 
aircraft  TOGW  and  its  design  characteristics  can  be  determined  from  the  computed 
aircraft  relationships.  These  requirements  inputs  can  include  any  combination 

of  mission  radii  or  performance  requirements,  in  terms  of  Ps,  N , or  acceler- 

z 

at  ion  times.  A total  of  17  requirements  can  be  imposed  simultaneously. 

3 . 2 Comp u tat  ion 

Relationships  between  the  engine  and  airframe  design  variables  and  air- 
craft characteristics  must  be  established  to  provide  a meaningful  basis  for 
design  selection.  These  relationships  could  be  obtained  by  computing  the  size 
and  performance  of  aircraft  designs  representing  all  combinations  of  the 
important  engine  and  airframe  design  variables.  However,  the  time  and  cost  of 
such  an  approach  would  be  impractical.  A computational  procedure  has  been 
developed  which  provides  the  relationships  required  for  engine  and  airframe 
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t;n  solLH-rio'  .>n  aircr.Tf  L sv^tcTi  'Mm  rac  t t*r  i s * , The 

L)ar«Tj;raphs  hriofly  d’ai’.uss  each  of  tlie  kev  compiitat  i<'n  ('’('mtavs  o*"  ’■.his  pro- 
cedure which  are  shown  in  Figure  8. 

3,2,1  Aircraft  Malrix  Selection  - A lar^e  number  of  (*nRine  and  airframe 
design  variables  nay  be  important  in  deternininj;  the  aircraft  si/e  required 
to  achieve  mission  and  performance  requirements.  As  the  number  of  desij;n 
variables  is  increased,  the  number  of  possible  variable  comblnat  i(''ns  (<i  1 re  r/i  ‘ 
designs)  also  increases  rapidly.  If,  for  example,  eleven  design  variables 
were  considered  and  all  variable  combinations  wen*  analyzed,  more  than  four 
million  aircraft  design  computations  would  be  required.  We  have  employed  a 
TTvithemat ical  procedure  called  "Latin  Square"  to  systematically  soled  a 
manageable  matrix  of  aircraft  designs  for  analysis.  Figure  9,  The  Latin 
Square  procedure  defines  the  minimum  number  of  aircraft  designs  which  (uicompass 
the  entire  range  of  all  the  important  engine  and  airframe  design  variables. 

With  eleven  variables  for  example,  the  use  of  the  Latin  Square  would  require 
analysis  of  only  about  250  aircraft  designs.  An  example  of  the  use  of  the 
Latin  Square  procedure  to  define  an  aircraft  design  matrix  is  presented  in 
Anuendlx  A. 


AIRCRAFT  DESIGN  VARIABLES 

VARIATION 

COMBAT  WING  LOADING 
WING  TAPER  RATIO 
WtNG  ASPECT  RATIO 
WING  SWEEP 
CONICAL  CAMBER 
THICKNESS  CHORD 
Lf  AOING  EDGE  RADIUS  CHORD 

ENGINE  CYCLE  PRESSURE  RATIO 
FAN  PRESSURE  RATIO 
OR 

TURBINE  INLET  TEMPERATURE 

DESIGN  MISSION  RADIUS 
(THRUST 'WEIGHTI  TAKEOFF 

TOTAL  AIRCRAFT  DESIGNS  (4)'^ 


REDUCES 

REQUIRED 

AIRCRAFT 

DESIGN 

EVALUATIONS 

TO 

manageable 

NUMBER 


1MT  10) 


FIGURE  9 

SELECTION  OF  AIRCRAFT  DESIGN  MATRIX  (LATIN  SQUARE) 
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3.2.2  Aircraft  Desisn  and  Performance  Analysis  - The  initial  step  in 
the  determination  of  aircraft  cliaracterist ics  for  the  Latin  Square  design 
matrix  is  to  define  installed  inlet/engine  performance.  The  Latin  Square  matrix 
of  aircraft  encompass  a parametric  family  of  engine  designs.  The  engine 
company  defines  the  size,  weight  and  performance  characteristics  of  each 
engine  in  that  parametric  family,  using  the  aircraft  total  pressure  recovery, 
bleed,  and  power  extraction.  The  Propulsion  System  Installed  Performance 
(PSIP)  computer  program  is  used  to  compute  the  required  inlet  capture  area, 
nuitch  inlet  and  engine  airflows  and  compute  inlet  drag.  Figure  10. 


INPUT  PROCEDURE  ' RESULTS  USE 


om-io»7ait 


FIGURE  10 

GENERATION  OF  PROPULSION  SYSTEM  INSTALLED  PERFORMANCE 


The  size,  weight,  and  scaling  characteristics  of  both  the  engines  and  inlets 
and  the  installed  inlet/engine  performance  data  are  input  to  the  aircraft 
sizing  and  performance  analysis. 

Aircraft  sizing  and  performance  analyses  are  accomplished  by  scaling  the 
components  of  an  input  aircraft  design  using  a computer  procedure  called 
CADE,  Computer  Aided  Design  Evaluation,  Figure  11.  The  Initial  step  in  this 
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■■  1 ■.'iiro  is  I ' n'  t iu'  gfiinic'try  . r)ro;‘'u' s ion  svs;c",  v,  \ ’'.i'  _ .■.•h! 

woiy,lu  L'harac'torist  ics  of  tlio  input  aircraft  dosij;n  anc  t !io  scalim;  charaitcr- 
istics  Ilf  each  major  aircraft  component.  CADf'  is  used  to  scaft  the  weight 
and  geometry  of  the  Input  aircraft  ciimponents  to  determine  physical  character- 
istics. Mission  fuel,  engine  thrust,  and  conf  igurat  ion  si^e  are  determined  'iv 
simultaneously  sizing  the  aircraft  to  acliieve  the  required  design  mission 
radius,  sea  level  static  thrust  to  TOGW  ratio,  and  static  weight  balance.  Th<’ 
aircraft  performance  analyses  include  computation  of  alternate  mission  radii, 
performance  at  preselected  flight  conditions  and  engine  power  settings,  aiid 
acceleration  times  with  variations  in  external  stores.  Suc’n  computations  are 
accomplished  for  each  aircraft  design  in  the  Latin  Square  matrix. 
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FIGURE  11 

DETERMINATION  OF  PARAMETRIC  AIRCRAFT  DESIGN  CHARACTERISTICS  (CADE) 

3.2.3  C£rrelatlon  of  Aircraft  Characteristics  - A mat 'aemat  i>  a I curve 
fit  procedure  (SURFIT)  is  used  to  define  tlie  re ! a t lonsli  Ips  between  the  computed 
aircraft  characteristics  and  the  design  variables.  Fach  aircraft  ctiaracter- 
istic  parameter  defined  in  CADF,  is  represented  by  a qu.idratic  equation  ciim- 
posed  of  tile  design  variables  as  shown  in  Figure  12.  Tin-  result,  lor  eleven 
design  variables.  Is  an  equation  which  represents  an  I'leven  d 1 minis  i ona  1 mat  he- 
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matical  surfiice  with  78  possible  coefficients.  A least  squares  curve  fit  of 
the  computed  aircraft  characteristics  is  used  to  determine  coefficient  values 
for  each  term  in  the  equation.  Experience  has  shown  that  the  aircraft 
characteristics,  such  as  TOGW,  can  be  accurately  represented  by  30  to  35  term 
equations,  with  the  remaining  coefficients  set  equal  to  zero.  The  correlation 
equations  provide  the  relationships  required  for  meaningful  englne/alr frame 
design  selections.  As  shown  in  Figure  12,  the  equations  can  be  used  to  define 
relationships  between  aircraft  characteristics,  such  as  TOCW,  P^,  and  N^, 
and  the  important  design  variables,  such  as  T/W  and  W/S.  Although  only  two 
design  variables  are  shown  in  the  example,  such  relationships  can  be  obtained 
for  any  combination  of  the  design  v.ariables  considered.  Consequently,  the 
correlation  equations  provide  the  capability  to  compute  aircraft  weight, 
mission  r.tdii,  and  per fornviince  characteristics  for  any  aircraft  design  encom- 
passed by  the  Latin  Square  matrix. 
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FIGURE  12 

DEVELOPMENT  OF  MATHEMATICAL  DESCRIPTION  OF 
A COMPLETE  CLASS  OF  FIGHTER  AIRCRAFT 


'•<  jr'v  ; V ' • ' '.V''K  output  p;i  rnmet  ers  WtT.'  ■ ■ ' ' 

>i'  than  400  ’n  Phase  'L  using  the  SUR^IT  nroceciure.  '.u  inr 

. Take-off  gross  weight 

2.  Mission  radii  and  performance  parameter 

3.  Engine  and  airframe  pliysical  characteristics 

4.  Mission  visibility  - at  each  segment  of  the  design  mission  (Phases  1 
and  II)  and  at  each  segment  of  two  additional  missions  (Phase  li), 

flight  conditions 
fuel  used 

engine  operating  characteristics 
installation  losses 

The  mission  radii  and  performance  relationships  provide  a quantitative  basis 
for  size  and  flexibility  trade-offs.  The  mission  segment  relationships  provide 
visibility  into  propulsion  system/airframe  interactions  to  a degree  which  has 
not  previously  been  possible. 

3.2.4  Aircraft  Optimization  - The  minimum  TOCW  aircraft  design  capable 
of  achieving  specified  mission  radius  and  performance  requirements  is  identified 
by  rae.ans  of  an  optimization  procedure  called  SEARCH.  This  procedure  utilizes 
the  correlation  equations  to  describe  the  variations  of  air'  raft  weight  and 
performance  parameters  as  functions  of  the  design  variables. 

It  was  shown  in  Figure  12  that  the  equations  can  be  used  to  define  varia- 
tions in  TOGW,  and  as  three  design  variables  are  changed.  The  optimization 
procedure  is  illustrated  by  superimposing  those  relationships.  Figure  13.  The 
interactions  between  the  design  variables,  TOGW,  and  the  two  performance  para- 
meters are  clearly  defined.  For  performance  requirements  corresponding  to 
P5.  = 700  ft/sec  and  = 4.5  g's,  the  minimum  achievable  TOGW  and  corresponding 
design  variables  can  he  quickly  determined.  In  this  example,  onlv  two  design 
variables  were  permitted  to  change.  Repeating  this  procedure  for  an  additional 
design  variable,  such  as  fan  pressure  ratio,  identifies  the  minimum  TOi.V  aircraft 
for  three  variables.  This  optimization  procedure  considers  up  to  eleven 
design  variables  simultaneously. 

The  .SEARCH  computer  program  is  capable  of  performing  optimizations  using 
anv  of  the  surface  fit  parameters  as  the  payoff  function,  with  11  design 
variables  and  up  to  17  specified  mission  radius  and  performance  requirements. 
Development  of  this  optimization  technique  was  based  on  Box's  "Complex  Mi'thod," 
Reference  b.  Using  this  procedure,  it  is  possible  to  rapidly  and  inexpens ive I v 
establish  the  interactions  between  mission  radius  and  pcrfornvince  requirements. 
TOGW,  and  the  engine  and  airframe  design  variables. 
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FIGURE  13 

TOGW  OPTIMIZATION  AS  A FUNCTION  OF  DESIGN  VARIABLES 
AND  PERFORMANCE  REQUIREMENTS  (SEARCH) 

I . .5  (Ai  tjnu_ 

Tiu‘  output  from  cho  Fishtur  Engine/ Ai r f rame  Evaluation  Procedure  includes 
the  correl.it  ion  equations  and,  for  eacli  SEARCH  optimization,  a description  of 
the  geometrv  and  performance  characteristics  of  the  selected  aircraft  The 
correlation  equations  are  retained  and  can  be  repeatedly  used  to  define  and 
evaluate  interactions  between  the  design  variables  and  system  requirements. 

For  each  aircraft  defined  using  the  SEARCH  optimization  procedure,  the  design 
variables  are  identified,  and  the  engine  and  airframe  geometry  can  be  obtained 
from  the  correlation  equations.  Using  those  design  variables,  any  mission  radius 
or  performance  parameter  for  which  correlation  equations  were  developed  can  be 
determined.  Finally,  at  each  segment  of  the  design  mission,  the  fuel  used, 
inlet  and  nozzle  geometry,  and  installation  losses  can  also  be  deter- 
mined . 

A proi'edure  has  been  defined  to  use  the  correlation  equations  to  assess 
relative  aircraft  operational  flexibility.  A quantitative  measure  of  the 
capability  of  an  aircraft  to  achieve  mission,  role,  or  multi-role  radius 
and  performance  requirements  provides  the  basis  for  such  assessments.  We 
call  this  par.ametcr  a merit  rating  and  briefly  describe  its  determination 
in  the  tol lowing  paragraphs. 
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n'  "'issii'ti  ru'rit.  rat  i s i 1 f.  ■ ' . ' 

'■’u'  initial  in  t!>f  procfdurf  is  to  dol’ino  tli"  p'-'f.'fn  rofju'r .i".' 

rank  Liu'm  Sy  roiativo  impi’r  t anco . Kacli  ro(ju  i ronton  ■ is  t'a.f  c;n.’n'  . ->  ■ 

od,  with  the  sum  ol  t'lo  woigiitiiiK  faolors  oqiial  to  im  i t v . kofin  j rf'o  nt  ■ ril 
ratitiKS  uro  ostablished  by  dotormining  tlio  maximirn  and  n'iniiruim  por ! o'-'-!.- ■■  io-a 
computed  for  any  aircraft  in  tlio  Latin  Stjuaro  matrix.  Tito  minirmn  live!  it. 
as.signod  a vaUie  of  zoro,  t'lo  roquirod  lovol  is  assig-tod  a va  I no  ot  on,-,  a, id 
the  maximum  lovol  attained  is  assigned  a valuo  of  two.  i-'iguro  l-'i.  tionsoquon'  ’■ 
an  aircraft  design  with  performance  exceeding  the  requirement  has  a requirement 
merit  rating  greater  than  unity  and,  conversely,  one  which  d,tes  iiftt  me,-'  tin 
requirement  has  a rating  of  loss  than  unitv.  To  dotermin,’  a mission  merit 
rating,  the  product  of  requirement  merit  rating  and  importance  faetor  is 
determined.  The  sum  of  the  weighted  merit  ratings  is  defined  as  ' iu'  mission 
merit  rating,  and  can  he  used  as  <a  quantitative  measure  of  the  aircr,'.:'  ip 
hilitv  to  perform  the  mission  recpi i remen t s . 


MERIT 

IMPORTANCE 

WEIGHTED 

REQUIREMENTS 

RATING 

X 

FACTOR 

= MERIT  RATING 

P. 

RADIUS 

1 ?S 

0 IS 

0 IBS 

^VAX 
1 ACCEL 

i 10  1 V'SSION  VEKIT 

SAt  |\G 

REQUIREMENT  MERIT  RATING  SCALE 

MAXIMUM  ATTAINABLE 
CA“ARILITV 

BASELINE  CAPABILITY 
REQUIREMENT 


MINIMUM  ATTAINABLE 
capability 

? 1 0 


REQUIREMENT  MERIT  RATING 


□ ICS?  102 


FIGURE  14 

DEFINITION  OF  MISSION  MERIT  RATING 

The  merit  ratings  ar,-  used  to  provide  a miMsure  ol  aiffr-i*'  c .ap.ih  i ! i ' f 
i rti'rm  iiulividiial  missions,  multi-mission  roles,  and  multip'e  roles,  _ 

''■AIR  h.is  i Ml  orpora  t I'd  imi>ort.iiU'e  faetors  which  reflet  our  o\.''  epini,  We 
•I’f,  liowevi'i  , previded  i-aih  indtvidii.il  user  the  eap. ibilitv  ti  t lu-s,  uie. 
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reorder  the  weighted  parameters,  and  assign  quantitative  importance  fai toi 
which  properly  reflect  his  personal  judgement  of  priorities. 


MISSION  CAPABILITY 

REQUIREMENTS  MERIT  RATING  « IMPORTANCE  FACTOR  • WEIGHTED  REQT 

MERIT  RATING 
Ps 

RADIUS 


1 ' MISSION  MERIT  RATING 


MULTI  MISSION  CAPABILITY 


MISSIONS 


INTERDICTION 


MERIT  RATING  « IMPORTANCE  FACTOR  • WEIGHTED  MISSION 

MERIT  RATING 


. L - ROLE  MERIT  RATING 


MULTI  ROLE  CAPABILITY 


ROLES 


tactical  strike 


MERIT  RATING  « IMPORTANCE  FACTOR  « WEIGHTED  ROLE 

MERIT  RATING 


L • MULTI  ROLE  MERIT  RATING 


FIGURE  15 

MERIT  RATING  PROVIDES  A MEASURE  OF  FLEXIBILITY 


I'CAM.  ' ’•■V,;in'K/AI!U:R/\FT  '■•VAI.I'A'^'ONS  - IX'  CTX'.i 
AiriT.ifl  oh.ir.'U'ti'r  isc  ii's  data  rorro']  at : ons  wero  developed  ti'  i"'ovido  a 
data  base  of  a i rera f t /roqu irement  interactions  with  fixed  cycie  ene,ines.  'rt,,. 
Fighter  Fng ine/Al rf ratne  Kvaliiation  Procedure  was  also  used  to  select  a turbo- 
fan-powered aircraft  design,  which  was  tlien  validated  by  design  lavout  and 
performance  analyses.  T!ie  following  sections  briefly  describe  the  design 
variables  considered,  an  example  of  requirements/ni rcraft  interactions,  atid 
the  validation  of  aircraft  designs  selected  using  the  procedure. 

4.1  A ire  raft  De s ign  Va  r i_aM_t2_s 

A wide  range  of  airframe,  sizing,  and  engine  design  variables  was  con- 
sidered in  Phase  T to  demonstrate  tlie  flexibility  of  the  FI ght er ' Air t rame 
Evaluation  Procedure.  Seven  wing  design  and  two  engine/airframe  sizing  vari- 
tiblos  were  considered.  These  variables  and  their  corresponding  ranges  of 
valvies  are  shown  in  Figure  Ih. 


ENGINE/AIRFRAME  SIZE 

• TAKEOFF  THRUST/WEIGHT  RATIO  (T/W)  = 0.6-  1.0 

• INTERDICTIOM  MISSION  RADIUS  = 350  - 500  NM 

WING  DESIGN 

• COMBAT  WING  LOADING  (W/Sl^g  = 50  - 100  LB/FT^ 

• WING  TAPER  RATIO  (M  = 0.1  - 0.4 

• WING  ASPECT  RATIO  (AR)  = 2-4 

• WING  LEADING  EDGE  SWEEP  ( \)|_g  = 30°  - 60° 

• WING  CONICAL  CAMBER  (Cl^,)  = 0-0.4 

• WING  THICKNESS/CHORD  RATIO  (t/c)p  = 0.04  - 0.08 

• WING  LEADING  EDGE  RADIUS  TO  CHORD  RATIO 
(LER/C)  = 0.001  - 0.008 

QP7«  11« 

FIGURE  16 

WING  DESIGN  AND  ENGINE/ AIRFRAME  SIZING  VARIABLES 


18 


Geiifral  Klectric  provided  parametric  families  of  both  turbojet  and  mixed 
flow  turbofan  engine  designs.  The  design  variables  of  the  twelve  turbojets 
and  nine  turbofans  are  shown  in  Figure  17.  The  selection  of  the  design 
variables  and  a control  schedule  establish  engine  weight  and  performance 
ciiaracLeristics.  For  example,  engine  thrust  to  weight  reiationships  are 
shown  in  Figure  18  for  both  the  turbofans  and  turbojets.  Typically, 
thrus t- to-weight  ratio  varies  from  about  7 to  9.5  for  these  engines 
at  sea  level  static  maximum  augmented  power  conditions.  Installed 
fuel  consumption  (SFC)  characteristics  and  thrust  variations  versus  Mach 
number  are  shown  in  Figures  19  and  20  for  the  turbofans  and  turbojets  respec- 
tively. Maximum  power  SFC  is  shown  at  Mach  1.9,  20,000  ft. altitude,  corres- 
ponding to  the  Interdiction  Mission  dash  condition.  Typically,  SFC  varies  from 
about  2.1  to  2.7  for  the  turbofans  and  from  about  1.9  to  2.1  for  the  turbojets 
at  this  operating  condition.  Intermediate  power  SFC  at  a typical  cruise  condi- 
tion ranges  from  about  0.8  to  1.1  for  the  turbofans  and  from  1.05  to  1.25  for 
the  turbojets. 


Turbojets  GE16/J2-A1  Through  A-12 


Turbofans  GE16/F8-A13  Through  A-21 


0^7«fWriM 


FIGURE  17 

PARAMETRIC  ENGINE  DESIGNS 
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FIGURE  18 

UNINSTALLED  ENGINE  CHARACTERISTICS 
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FIGURE  19 

GE  TURBOFAN  PERFORMANCE  CHARACTERISTICS 


FIGURE  20 

GE  TURBOJET  PERFORMANCE  CHARACTERISTICS 


The  ratio  of  engine  thrust  at  Mach  and  altitude  flight  conditions  to 
thrust  at  sea  level  static  conditions  characterizes  the  potential  impact  of 
design  and  schedule  variables  on  engine  sizing.  This  ratio  is  shown  for  the 
turbofans  and  turbojets  in  Figures  19  and  20  respectively  at  a constant  alti- 
tude of  36,089  ft.  At  Mach  2.5,  this  thrust  ratio  varies  from  about  1.0  to 
1.8  for  the  turbofans  and  from  0.9  to  1.5  for  the  turbojets.  Variation  of 
turbofan  overall  cycle  pressure  ratio  from  20  to  32  causes  a change  in  thrust 
ratio  of  about  0.25  at  Miich  2.5,  but  is  negligible  at  subsonic  flight  condi- 
tions. Varying  turbojet  turbine  inlet  temperature  has  a negligible  effect  on 
this  augmented  powered  thrust  ratio  at  all  flight  speeds. 

Aircraft  lift,  drag,  and  fuel  volume  characteristics  are  also  affected 
by  the  airframe  design  variables.  Consequently,  combining  engine  and  air- 
frame design  variables  describes  substantially  different  aircraft  designs  for 
consideration  in  selecting  designs  for  specified  mission  and  performance 
requirements.  The  Latin  Square  procedure  was  used  to  define  a matrix  of 
approximately  250  airframe/engine  designs  for  both  the  GE  turbofan  and  turbo- 
jet engines. 
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Ro quir cjti t.J A ijj-  r a f t ^ teract  ion s 

As  dost'ribed  pr<_v ioaslv , the  correlation  equations  developed  w-tb  the 
Fiqhter  Enqine/ Air frame  Evaluation  Procedure  permit  identlf ication  of  the 
in teract ions  between  performance  requirements,  TOCb',  and  engine  and  airlrame 
design  variables.  In  the  example  of  Figure  21,  the  SF.ARC!'  optimization  proce- 
dure was  used  to  identify  the  minimum  talce-off  gross  weight  turbofan  .iircr.ift 
capable  of  achieving  a 400  nm  Interdiction  Mission  radin.s.  This  aircraft 
weighed  approximately  55,000  lb.  The  corresponding  aircraft  design  variables 
ari'  designated  by  the  circle  symbols  in  Figure  22.  Next,  a requirement  to 
achieve  = 800  fps  at  Mach  1.0  at  20,000  ft  altitude  was  added  to  the  initial 
400  nm  radius  requirem.ent . The  minimum  aircraft  TOOK  satisfying  both  require- 
ments was  about  62,000  lb  and  the  aircraft  design  variables  were  substantially 
changed,  as  shown  by  the  triangular  symbols  in  Rigurc  22.  As  additional  per- 
formance requirements  were  imposed,  TOGW  increased  and  the  engine  and  airframe 
design  variables  changed  still  further,  reflecting  compromises  between  aero- 
dynamic and  propulsive  performance  at  the  most  demanding  flight  conditic'ns. 


TOGW  1000  LB 
FIGURE  21 

IMPACT  OF  ADDING  REQUIREMENTS  ON  TOGW 


A TWO  REQUIREMENTS 

□ SOUR  requirements 

ormMriir 

FIGURE  22 

IMPACT  OF  REQUIREMENTS  ON  DESIGN  VARIABLES 

3 Aircraft  Design  Evaluation  and  Validation 

The  selected  aircraft  was  required  to  achieve  all  17  of  the  Tactical 
Strike  Role  mission  and  performance  requirements,  described  in  Section  2,  The 
minimum  TOCW  aircraft  designs  capable  of  achieving  those  requirements  with 
turbojet  and  turbofan  engines  are  shown  in  Figure  23.  On  the  basis  of  its 
lower  TOGW,  the  turbofan  aircraft  was  selected  for  design  verification.  The 
CADE  program  was  then  used  to  verify  the  aircraft  TOGW  and  performance  obtained 
from  the  correlation  equations.  A design  layout  was  used  to  verify  the  air- 
craft geometry,  fuel  volume,  and  component  integration.  The  results  of  this 
verification,  shown  in  Figure  24,  demcinstrate  the  capability  to  accurately 
correlate  aircraft  characteristics  from  a Latin  Square  matrix  of  designs  and 
to  determine  realistic  aircraft  performance  and  designs  from  those  correlations. 

Life  cycle  costs  were  computed  for  the  selected  aircraft  using  the  MCAIR 
Advanced  Design  Life  Cycle  Cost  Model.  The  breakdown  of  the  estimated  life 
cycle  costs  is  shown  in  Figure  24. 
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AIRFRAME  DESIGN 
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FIGURE  23 

PHASE  I OPTIMIZATION  RESULTS 
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FIGURE  24 

BASELINE  AIRCRAFT  CHARACTERISTICS 
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Mission,  roLe,  and  multi-role  merit  ratings  were  also  computed  for  the 
selected  aircraft,  using  the  procedures  described  previously.  These  merit 
ratings,  as  shown  in  Figure  25,  provide  a quantitative  basis  for  evaluating  the 
impact  at  engine  and/or  airframe  design  variable  changes  on  aircraft  operational 
flexibility . 


TACTICAL  AIR  INTERCEHOR  MULTI- 
STRIKE SUPERIORITY  ROLE  ROLE 

ROLE  ROLE 


opn-iwi  u 


FIGURE  25 

AIRCRAFT  OPERATIONAL  FLEXIBILITY  RATING 


“s.  ?HAS2  rr  E';gine/a’’'<craft  evaluations  - variabl’^  c'-y'WTvv  .. 

A data  base  of  oaranotrlc  aircraft  characteristics  has  bccc.  d<vc ! "jK’d  *’<ir 
two  variable  geometry  turbine  turbojet  engine  design  concepts.  Imn’-oved 
data  generation  and  correlation  procedures  produced  significantly  increased 
capabilities  for  evaluating  design  and  alternate  mission  and  performance  re- 
quirement interactions.  The  following  paragraphs  summarize  the  parametric 
data  development  procedures  and  the  results  obtained  from  evaluations  of 
Detroit  Diesel  Allison  (DDA)  and  Pratt  and  Wliitney  Aircraft  Co.  ('’f«WA)  engine 
designs.  The  component  technology  used  to  define  tlie  DDA  and  P&WA  engines  is 
verv  advanced  and  highly  competitive  at  this  time.  Consequently,  quantitative 
engine  and  aircraft  system  data  which  relate  to  specific  engine  charac teri st i cs 
are  not  included  in  this  report,  but  are  contained  in  References  2 and  3 which 
are  proprietary  to  DDA  and  P&WA  respectively. 

5 . 1 Parametr ic  Data  Deve lopment 

Parametric  aircraft  characteristics  correlations  were  developed  using  VCT 
turbojet  engines  defined  by  DDA  and  by  AFAPL  using  a P&WA  parametric  engine 
design  computer  program.  Wide  ranges  of  engine  and  airframe  design,  aircraft 
fuel  sizing,  and  thrust  sizing  variables  were  used  to  define  parametric  families 
of  aircraft. 

The  results  obtained  in  Phase  I indicated  that  only  three  of  the  seven 
airframe  design  variables  Impacted  the  aircraft  characteristics  to  a signi- 
ficant degree.  Consequently,  the  number  of  airframe  design  variables  used  in 
Phase  II  was  reduced  from  seven  to  three  as  shown  in  Figure  26.  The  total 
number  of  independent  variables  was  maintained  at  eleven  by  increasing  the 
number  of  fuel  sizing  variables  from  one  to  four  and  adding  an  engine  airflow 
schedule  parameter.  The  four  selected  fuel  sizing  parameters  permit  independent 
variations  in  the  required  cruise  and  dash  fuel  within  a consistent Iv  defined 
mission  description.  The  subsonic  cruise  radius  was  used  in  both  Phases  1 and 
II  for  fuel  sizing  and  is  performed  at  the  optimum  Mtich  number  and  altitude 
for  each  engine/airframe  design  combination.  The  Phase  I dash  was  t ixed  at  50  nm 
radius  at  Mach  1.9  and  20,000  feet  altitude.  In  Phase  II,  however,  supersonic 
dash  radius,  Mach  number,  and  altitude  were  also  used  as  variables  for  tuel 
sizing.  Consequently,  the  Phase  II  parametric  aircraft  data  Include  designs 
which  are  compatible  with  the  extensive  stipersonic  dash  envelope  shown  in 
Figure  27,  rather  than  the  single  dash  condition  considered  in  Phase  I. 
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PARAMETERS 

PHASE  I 

PHASE  n 

• 

ENGINE  DESIGN  (TURBOJETS) 

GE 

P&WA 

DDA 

TURBINE  INLET  TEMPERATURE 

(°FI 

2400  2800 

2600  3200 

2350  3400 

OVERALL  PRESSURE  RATIO 

12  24 

10  25 

9 18 

AIRFLOW  SCHEDULE 

- 

ASP  0 1 

Wg  1 1 36 

• 

AIRFRAME  DESIGN 

COMBAT  WING  LOADING 

ILB/FT^I 

50  100 

b2  112 

SWEEP 

30  60 

40  60 

ASPECT  RATIO 

24 

24 

conical  camber 

o 

o 

04 

THICKNESS/CHORO 

0 04  0 08 

004 

LEADING  EDGE  RADIUS, 'CHORD 

0 001  0 008 

0 001 

TAPER  RATIO 

o 

d 

0 176 

• 

FUEL  SIZING 

CLIMB  • CRUISE  RADIUS 

iNM) 

300  450 

100  500 

DASH  MACH  NO 

(M) 

1 9 

1 4 2.2 

DASH  ALTITUDE 

(1000  FTI 

20 

40  70 

DASH  RADIUS 

INMI 

50 

150  250 

• 

THRUST  SIZING 

uninstalled  fn  SLsnroGw 

0 6 1 

05  11 

_ 

Pj  at  dash  MACH,  altitude 

(FT/SECI 

- 

>0 

FIGURE  26 

PARAMETRIC  VARIABLES 
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50  NM 
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DASH  MACH  NUMBER 

FIGURE  27 

RANGE  OF  PARAMETRIC  MISSION  DASH  VARIABLES 
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A Pii  Mnift  r ' ".lirix  of  designs  was  dofinod  for  bot'i  'bo  D'.'A  •’  .WA 

oiu;lo  ■ concepts  using  cycle  design  pnraineters  and  an  ai'-f'.ow  scbedc.h-  naranoter 
as  independent  desiv’n  variables.  The  variables  used  to  define  the  Phase  t 
and  IT  engines  are  compared  in  Figure  28.  The  airflow  schedule  parameter 
(Identified  as  for  the  DDA  engines  and  as  ASP  for  the  P&V.’A  designs) 

provides  a large  engine  thrust  lapse  envelope  with  Mach  number,  as  shown  n. 

'^igure  2P,  and  thus  adds  a degree  of  freedom  in  engine  selections  for  various 
mission  and  performance  requirements.  The  variable  geometry  turbines  are  used 
to  produce  large  airflow  variations  at  supersonic  flight  conditions  without  'he 
subsonic,  maximum  power  thrust  penalties  encountered  in  fixed  cycle  engines. 

'n  addition,  engine  airflow  decay  is  minimized  at  reduced  power  subsonic  cruise 
and  loiter  flight  conditions.  As  a result,  improvements  in  both  internal  cvcle 
performance  and  installation  losses  are  achieved. 

The  DDA  matrix  of  64  designs  was  defined  by  dividing  the  range  of  values 
of  the  three  design  variable  into  4 equally  spaced  increments  and  generating 
an  engine  for  each  comliinatlon  of  tho.se  values;  (4)^  = 64.  AFAPl.  used  an  11 
variable  Latin  Square  array,  as  discussed  in  Section  3,  to  define  the  121  designs 
used  for  the  P6WA  engines.  Each  set  of  designs  was  incorporated  into  a design 
matrix  and  aircraft  size  and  perft'rmance  characteristics  were  computed. 

For  each  .lircraft,  the  fuel  capacity  was  established  by  the  parametric 
mission  cruise  and  dash  variables.  Once  each  aircraft  was  defined,  its  specific 
excess  power,  load  factor,  and  alternate  mission  capabilities  were  computed. 
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PARAMETRIC  ENGINE  CHARACTERISTICS 
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FIGURE  29 

THRUST  LAPSE  COMPARISONS 
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Tlie  weight  and  performance  characteristics  of  an  aircraft  configuration  are 
functions  of  its  engine  and  wing  design  paiameters,  engine  thrust,  and  fuel 
capacity.  Thus,  weight  and  performance  data  can  be  analytically  correlated  using 
these  parameters  as  independent  variables  as  shown  in  Figure  30.  The 
same  eciuation  format  is  used  to  correlate  data  for  missions  with  fixed  profiles 
and  predetermined  segment  flight  conditions,  e.g. , the  alternate  missions 
described  in  Secriuji  2 and  in  Reference  1.  The  dash  radius  of  the  parametric 
strike  mission,  however,  is  strongly  dependent  on  aircraft  fuel,  cruise  radius 
and  the  .Mach  number  and  altitude  at  which  tlie  dash  is  performed.  Consequently, 
aircraft  fuel  weight,  cruise  radius,  and  dash  Mach  number  and  altitude  are  all 
used  as  independent  variables  in  the  equations  correlating  data  related  to  the 
parametric  strike  mission. 
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Over  400  data  corrt.‘ 1;U  i ons  wi>ro  generated  for  both  the  DDA  and  P4WA 
engine-powered  designs.  In  addition  t<i  the  data  obtained  in  Phase  I,  the 
Phase  II  data  correlations  include  engine  operating  conditions,  aeinidvn.uric 
performance  and  installation  losses  for  each  segment  cif  the  parametric 
strike,  interdiction.  ;md  lo-level  reconnais,sance  missions  and  at  5 energy 
maneuverability  flight  conditions. 

5 . 2 h_ujipya_rv__o_f_Re suits 

Two  separate  evaluations  were  conducted,  one  vising  the  Tactical  Strike 
Role  mission  and  per ft'rnvince  requi rv'ments  defined  in  Phase  I to  assess  engine/ 
airframe  interactions,  and  the  second  using  the  parametric  strike  mission  to 
assess  the  impact  oi  aircraft  mission  and  per fornurnce . Using  the  DDA  and  P.WA 
engine  powered  aircraft  data  correlations,  aircraft  designs  were  optimized  for 
the  Tactical  Strike  Role  requirements  described  in  Sec  t ion  1.  Those  designs 
were  used  to  assess  TOGW  sensitivities  to  engine  and  airframe  design  parameters 
and  to  variation‘s  of  performance  requirements.  As  a result  of  thv'se  Investi- 
gations, it  was  determined  that  the  use  of  variable  geometry  turbines  and  air- 
flow scheduling  in  turbojet  engines  s Igni f leant  1 v reduces  TOGW  sensitivitv  to 
design  variable  changes. 

Engines  have  been  used  from  three  different  nviniif  ac  t ime  rs  . (’('nsequen  f 1 v . 
vari.'Uions  in  design  pr.ictice,  design  dutv  cycle  .and  engini'  compK'xitv  pri‘c1uclo 
mo.iningful  comparisons  of  actual  TOGW.  Flg.ure  31  sliows  an  examnlo  ol  t ho 
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ifl.it  ivi'  rOilW  vari.itioii  tor  tlio  Phase  I and  Phase  II  t urboj  et- powered  aircraft 
versus  over.ill  cycle  pressure  ratio  increments  from  the  optimum.  At  every  point 
on  these  curves,  the  airfranx-  and  other  engine  design  variables  have  been 
optimized  to  achieve  the  minimum  TOGW  aircraft  which  achieves  the  Tactical  Strike 
Role  requirements.  Converged  designs,  i.e.  those  capable  of  achieving  the 
specified  role  requirements,  could  be  obtained  only  within  a very  limited  OPR 
range  with  the  GE  fixed  cycle/schedule  turbojets  used  in  Phase  1.  In  contrast, 
both  VGT  turbojet  concepts,  with  variations  in  airflow  schedule  incorporated 
into  the  data  correlations,  yielded  converged  designs  throughout  their  design 
OPR  range.  Further,  the  sensitivity  of  TOGW  to  off-optimum  values  of  OPR  was 
f.ir  less  for  the  VGT  turbojet  powered  aircraft  than  for  the  fixed  cycle 
turbojet  powered  aircraft.  References  2 and  3 present  extensive  evaluations  of 
the  tactors  affecting  the  optimum  design  selection  and  the  reduced  sensitivities 
produced  by  the  VGT  turbojet  powered  systems. 
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FIGURE  31 

RELATIVE  TOGW  VARIATION  FOR  TACTICAL  STRIKE  AIRCRAFT 
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A rcraft/roquirewenC  interaction  invest ij^at ions  were  conducted  usinp  SotH 
the  DDA  and  P&WA  engine-powered  aircraft  data  correlations.  The  objective  of 
these  InvestiRatlons  was  to  identify  the  effects  of  variations  in  thrust  sizinp 
and  fuel  sizing  requireirenls  on  engine  and  airframe  design  parameters,  aircraft 
•’•aneuverability,  and  alternate  mission  performance  capabilities.  The  aircraft 
characteristics  data  correlations  obtained  in  this  program  afford  unique  capa- 
■ilities  to  perform  such  investigations  rapidly  and  inexpensivelv . '”0  orovide 

an  example  of  this  capability.  Interactions  of  strike  mission  cruise  and  dash 
radii  were  defined  for  a 1.6  dash  Mach  number  and  minimal  maneuverahil itv 
requirements.  The  results,  shown  in  Figures  32,  33,  and  34,  can  be  used  to 
estimate,  for  any  desired  combination  of  cruise  and  dash  radius,  aircraft 
TOGW,  optimized  design  parameters,  performance  capability  and  alternate  mission 
radii.  The  "map"  format  used  to  present  the  results  of  this  evaluation  can  be 
used  to  relate  interactions  for  any  two  selected  fuel  sizing  parameters,  e.g., 
strike  mission  cruise  vs  dash  radii,  interdiction  mission  radius  vs.  air 
superiority  mission  radius.  In  addition,  thrust  sizing  requirements,  such  as 
subsonic  vs  supersonic  maneuverability  can  be  related  using  similar  "map"  fornvats 

The  data  for  this  example  were  obtained  by  optimizing  the  aircraft  design 
to  produce  maximum  dash  radius  at  all  cruise  radii  and  TO(;U’'s.  Dash  'bich  number 
was  set  equal  to  1.6  and  the  only  performcince  constraints  considered  for  this 
example  were  minimum  required  values  of  load  factor  (1.2  "g")  and  Ps  (5  ft/sec) 
at  the  Dash  Mach  and  altitude. 

As  shown  in  Figure  32,  the  aircraft  design  selection  was  dominated  by  fuel 
sizing,  i.e.,  neither  of  the  constrained  maneuverability  parameters  encountered 
its  minimum  requirement.  Consequently,  the  optimum  engine  cvcle  (OPR  = 25  and 
TIT  » 2600°F)  is  at  design  variable  limits  which  minimize  subsonic  cruise 
specific  fuel  consumption.  In  addition,  the  optimum  airflow  schedule  (ASP  = 1) 
produces  ma.xlmum  engine  airflow  and,  thus,  minimum  augmentation  at  d.ish  thrust. 
The  optimum  wing  loading  was  near  the  maximum  available  which  also  reduces  drag 
at  the  dash  condition.  Consequently,  optimum  performance  is  obtained  for  these 
requirements,  with  a fixed  engine/airframe  design,  but  with  T/W  Increasing  as 
dash  radius  is  increased  relative  to  cruise  radius.  The  maneuverab i 1 i tv  and 
alternate  mission  radii  performance  capabilities  of  these  designs  are  shown  in 
the  "map"  format  in  Figures  33  and  34,  respectively.  These  maps  can  be  used  to 
(1)  assess  cruise  vs  dash  radius  requirements,  (2)  select  optimum  design  variable 
and  (1)  detjjrmine  maneviverab  i I itv  and  alternate  mission  radius  performance 
capab 1 1 i t I es . 
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The  requirenents  used  to  constrain  the  optimizations,  e.R.,  dash  Mach 
number,  maneuverability,  alternate  mission  radii,  etc.,  can  cause  larp.e  varia- 
tions in  the  design  and  sizing  variables  selected.  For  example,  Figure  35 

Illustrates  the  results  obtained  for  M = 2.2.  In  constrast  to  the  M 

dash  dash 

1.6  results,  the  1.2  "g"  load  factor  requirement  strongly  affected  the  M 

dash 

2.2  results.  At  large  dash  radii,  the  optimum  aircraft  T/W  was  determined  by 
fuel  sizing  requirements  and  was  sufficiently  large  to  achieve  the  required 
load  factor.  For  fuel  sizing,  the  optimum  T/W  decreases  with  reduced  dash 
radius,  for  a constant  cruise  radius,  until  the  load  factor  constraint  is 
encountered.  Thus,  for  the  = 2.2  aircraft,  the  long  dash  radius  designs 

are  selected  by  fuel  sizing  considerations  and  the  short  dash  radius  designs 
are  compromised  by  load  factor  at  the  dash  conditions.  References  2 and  3 
present  results  obtained  from  the  DDA  and  PSiWA  data  correlations  for  four 
explicit  sets  of  constraints. 
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6.  CONCLUSIONS 


SvKtematic  analytical  procedures  for  fighter  engine  and  airfrane  design 
selection  have  been  developed  and  demonstrated.  The  resulting  procedure  can  be 
effectively  used  in  the  definition  of  mission  and  perforimance  requirements  and 
^'or  design  selection  in  future  fighter  development  programs. 

Three  aircraft  roles  were  defined  by  MCAIR  and  AFAPL  to  provide  a meaningful 
basis  for  design  selections  and  evaluations  of  advanced  engine  concepts.  The 
role  definitions  consist  of  mission  profiles  and  radii,  performance  requirements, 
and  operational  limits  in  terms  of  maximum  Mach  number,  dynamic  pressure  and  load 
factor.  The  Tactical  Strike,  Air  Superiority,  and  Intercept  Roles  were  reviewed 
with  the  various  USAF  user  commands  to  ensure  that  realistic  future  aircraft 
system  requirements  will  be  used  in  the  subsequent  engine  evaluation. 

A systematic  procedure  for  engine  and  airframe  design  selection  was  developed 
and  verified.  The  Fighter  Engine/Airframe  Evaluation  Procedure  accounts  for 
propulsion  system/airframe  interactions  and  Interactions  between  mission  require- 
ments and  aircraft  size  and  performance  characteristics.  Trade-off  studies 
regarding  the  size  and  design  characteristics  of  both  the  engine  and  the  airframe 
can  be  accomplished  using  this  procedure.  Visibility  is  obtained  for  man-in-tlie- 
loop  design  definition  and  validation,  and  for  tradeoffs  of  design  complexity  vs 
aircraft  capability. 

The  Fighter  Engine/Airframe  Evaluation  Procedure  was  used  in  Phase  1 to  ^ 
evaluate  parametric  families  of  turbojets  and  turbofans  provided  by  ('.eneral 
Electric.  A turbofan  powered  aircraft  was  selected,  on  the  basis  of  obtaining 
the  minimum  TOOW  design  for  the  mission  requirements  of  a Tactical  Strike  Role. 

The  size,  geometry  and  performance  characteristics  of  this  aircraft  were  validated 
by  means  of  design  layout  and  performance  computations.  In  Phase  II,  the  Evalua- 
tion Procedure  was  used  to  evaluate  design  and  requirement  interactions  for  variable 
geometry  turbine  turbojets  provided  by  Detroit  Diesel  Allison  and  the  AFAPL. 

(These  designs  were  obtained  using  a Pratt  f.  Whitney  Aircraft  parametric  engine 
design  computer  program.)  An  extensive  data  base  of  aircraft  characteristics 
has  been  developed.  These  data,  which  account  for  design  interactions,  can  be 
used  for  initial  screening  of  aircraft  with  fixed  or  variable  geometrv  engines. 

The  engine  data  provided  for  evaluation  in  this  program  vtere 
developed  by  three  different  engine  nvanufact urers.  The  resulting  dltferences 
in  design  duty  cycle,  weight  analysis  procedures,  <ind  design  complexitv  preclude 
meaningful  comparative  engine  concept  selections.  because  of  the  dlversitv  of 
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the  engine  concepts,  however,  our  evaluations  Indicate  the  following: 

o Variable  geometry  turbine  turbojets  produce  subsonic  cruise  fuel 

consumption  competitive  to  that  of  mixed  flow  turbofans  as  the  result 
of  reduced  installation  losses. 

o Variable  geometry  turbines,  combined  with  airflow  scheduling,  permit 

supersonic  dash  with  minimal  augmentation  and,  thus,  low  fuel  consumption 
o The  use  of  variable  geometry  turbines  and  airflow  scheduling  in  turbojet 
engines  reduces  aircraft  sensitivity  to  design  variable  changes  and,  thus 
minimize  risks  associated  with  failure  to  fully  achieve  engine  design 
ob j ectives . 

The  engine/airframe  evaluation  procedure  has  been  developed,  validated,  and  is 
currently  being  used  in  MCAIR  advanced  aircraft  design  programs  as  well  as  in 
the  contracted  USN  V/STOL  Variable  Cycle  Selection  R&D  Program,  contract 
N00140-75-C-0034. 


APPENDIX 


AIRCRAFT  MATRIX  DEFINITION  USING  !j\TIN  SQUARE 

The  selection  of  an  efficient  engine  and  airframe  desipn  Is  bastni  upon 
estimates  of  aircraft  system  size,  cost,  and  performance.  A large  number  of 
design  variables  can  impact  these  aircraft  cliarac ter ist I cs , however,  and  analy- 
sis of  all  the  aircraft  configurations  defined  bv  all  combinations  of  the 
important  design  variables  would  be  prohibitive.  Consequently,  a statistical 
procedure  called  Latin  Square  is  used  to  reduce  the  required  configuration 
evaluations  to  a manageable  number.  This  procedure  has  been  u>;ed  bv  both 
engine  and  airframe  companies  to  select  test  conditions  in  past  development 
programs.  Latin  Square  is  used  to  define  the  minimum  number  of  aircraft  de- 
signs, or  rest  conditions,  required  to  encompass  the  entire  range  of  the  import- 
ant Independent  variables.  The  results  of  the  analysis  of  these  aircraft  can 
be  used  to  analytically  define,  relationships  between  the  engine  and  airframe 
variables  and  the  system  characteristics  used  in  design  selection.  The  follow- 
ing paragraphs  present  a brief  example  of  the  use  of  Latin  square  for  defini- 
tion of  an  aircraft  configuration  tivitrix. 

To  use  Latin  Square,  the  number  of  variables  to  be  considered,  n,  must 
be  a "prime  number",  i.c.,  an  integer  wliich  is  exactly  divisible  only  by  itself 
and  unity. 

For  this  example,  we  have  considered  five  design  variables  and  have  sel- 
ected five  equally  spaced  values  for  each  variable  as  shown  in  Figure  A-1. 

For  a five  variable  evaluation,  there  are  (5)^  possible  designs  and  the  Latin 

Square  proredxire  is  used  to  reduce  the  number  o*"  design  evaluations  required 
2 

to  twenty-five,  (5)  . These  designs  will  encompass  the  entire  range  of  values 
of  all  five  design  variables.  Consequently,  a twenty-five  element  matrix  was 
defined,  along  with  the  variable  matrix  order  shown  in  Figure  A-2.  The  matrix 
order  defines  the  location  of  the  variable  values  within  each  element  of  the 
matrix,  e.g.,  in  this  example,  the  number  in  the  upper  left  corner  of  each 
element  will  always  be  a value  of  W/S  and  the  number  in  tlie  center  of  each 
element  will  alwavs  be  a value  of  A. 

The  initial  Latin  Square  matrix  arrangement  is  defined  by  locating  the 
minimum  value  of  eacli  design  variable  in  the  nvitrix  element  in  the  top  row 
of  the  first  column  as  shown  In  Figure  A-2.  Subsequently,  the  next  larger 
value  of  each  variable  is  placed  in  the  top  row  of  the  second  column.  This 
procedure  is  continued  until,  finally,  the  maximum  value  of  each  design  vari- 
able is  located  in  the  top  r('W  of  the  fifth,  or  the  n^^'  column. 
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FIGURE  A-1 

LATIN  SQUARE  FIVE  INDEPENDENT  VARIABLE  EXAMPLE 
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FIGURE  A-2 

INITIAL  LATIN  SQUARE  MATRIX  ARRANGEMENT 
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t-lie  lU'sign  variables  are  locator'  la  r'-ic  t o’",.!' c ino,  " 
elements  bv  means  of  the  simple  placement  procedure  illustrated  in  Fii;ure  A-'. 
The  initial  step  in  this  procedure  requires  that  the  variable  values  Ir'cated 
in  the  upper  left  corner  of  each  element  be  moved  down  one  row,  successivelv , 
until  each  value  is  placed  in  each  of  the  five,  (n)  , rows.  Thus,  in  this 
example,  the  W/S  value  of  30  is  moved  d<iwn  such  that  it  is  located  in  the 
upper  left  corner  of  each  element  of  the  first  column.  As  Indicated,  tliis 
process  is  repeated  for  each  value  of  W/S  until,  finally,  the  W/S  value  of 
70  is  located  in  the  upper  left  corner  of  each  element  of  the  fifth  column. 

The  second  step  of  the  matrix  definition  requires  that  the  next  variable  in 
the  order  be  moved  right  one  column  and  down  one  row  until  each  value  appears 
once  in  each  row  and  column.  Thus,  t!ie  AR  value  of  2 is  moved  from  the  upper 
right  corner  of  the  row  1,  column  1 element  to  the  upper  right  corner  of  the 
row  2,  coUimn  2 element.  This  process  is  repeated  until  finally,  the  AR  value 
of  2 is  located  in  the  upper  right  corner  of  the  row  b,  column  5 element.  This 
process  is  repeated  for  each  value  of  AR  until  all  values  appear  once  In  each 
row  and  column  of  the  matrix.  The  values  of  the  third  variable  in  the  order, 
which  is  A in  this  example,  are  moved  right  2 columns  and  down  1 row  until 
each  value  appears  once  in  each  row  and  column  as  shown  in  Figure  A-3. 

2 

Location  of  the  variable  values  Is  continued  until  each  of  the  25,  or  n , 
nvitrlx  elements  contains  a value  for  each  design  variable  as  shown  in  Figure 
A-4.  The  values  of  the  final  variable  in  the  order  is  moved  (n-11  columns  to 
the  right  and  down  1 row.  Thus,  in  this  five  variable  example,  Fl’R  values 
were  moved  right  4 columns,  down  1 row  until  each  value  of  FFR  appears  in  the 
lower  right  corner  of  each  element  in  the  matrix. 

A completed  rmitrix  of  25  coitb inat  ions  of  values  of  design  variables  is 
shown  in  Figure  A-4.  Each  combination  represents  a specific  engine/aircraft 
design  and,  together,  these  designs  encompass  the  entire  range  of  values  of 
each  of  the  five  design  variables. 

The  five  cross-hatched  matrix  elements  in  Figure  A-4  are  used  to  Illustrate 
the  physical  significance  of  the  Latin  Square  design  matrix.  Consider,  for 
those  five  nvitrlx  elements,  the  variables  W/S,  AR  and  A.  These  variahUs  are 
represented  as  intersecting  planes  in  Figure  A-5  wtiere  eacli  I nt ersec t i mi 
defines  the  W/S  and  AR  values  combined  with  A = 28  in  tlie  5 crosshatched  matrix 
elements  in  Figure  A-4.  These  designs  each  contain  a different  value  of  W/S 
and  AR  and  encompass  the  entire  range  of  values  of  both  variables.  It  is 
significant,  however,  that  any  one  value  of  each  variable  is  combined  with 


42 
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.■>uly  one  value  o*'  iho  ■c'.'.or.  An  int.v rpolat ion/corre ! .r  ■ on  pr-ia  tliiT  • • tus’  h. 
UKotl  ro  provide  Information  on  aircraft  conf  i^urat  i ons  not  inclidcd  in  t'lo 
Latin  Square  matrix.  For  example,  25  engine/airframe  con f igurat  Ions  are 
defined  by  Latin  Square  while  tliere  are  (5)’  possible  combinations  of  the 
design  variable  values.  The  Si'RFlT  procedure  described  in  Section  3.2  is  used 
to  obtain  the  design  variable/nircraf t system  characteristics  relationships 
required  for  meaningful  design  selection. 
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